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Abstract 
We present results of a recent study investigating consequences of large scale deployment of CO2 sequestration within a region 
spanning tens of kilometers. This initial study considered a faulted aquifer bounded above and below by impermeable rock. We 
performed a parameter study of fault activation due to elevated pore pressures and addressed several combinations of injection 
scenarios and in situ stress orientations. The simulations were performed using iteratively coupled flow and geomechanical 
capabilities. For each scenario, a multiple fluid injection was simulated using a non-steady reservoir flow model. At various 
phases of injection, the pore-pressure field was mapped over to our geomechanical codes to evaluate the evolving stress state 
throughout the region of interest. The geomechanical analysis specifically investigated the potential for fault activation. The 
results of the geomechanical simulations were used to update the flow model and modified the subsequent CO2 plume and 
pressure perturbation. In addition to demonstrating large scale coupled fluid-geomechanical solver capabilities, the results 
highlight the importance of site selection, site characterization and in situ stress determination. The results also emphasize that 
site specific injection scenarios will be required for regions with substantial sequestration resource to manage permitting and 
deployment in such a way as to avoid unintended negative consequences of large-scale deployment. 
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1. Introduction 
Large-scale carbon capture and sequestration (CCS) projects involving annual injections of millions of tons of 
CO2 are a key infrastructural element needed to substantially reduce greenhouse gas emissions. In order for 
geological carbon sequestration to affect substantial reductions of greenhouse gas emissions, deployment of many 
large injection projects is required. Each project is likely to require multiple injection wells injecting millions of tons 
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of CO2 over 30 years or more. For storage in saline formations, this is likely to create a large and increasing pressure 
perturbation that will grow over the duration of the injection project.  
Work to date in the literature has been focused primarily on predicting and understanding the performance of 
relatively small pilot projects. For example, Chiaramonte et al. [1] considered the potential for fault activation at 
Teapot Dome. Rutqvist et al. [2] considered a single injector in a simple geology including a single fault using 
iteratively coupled flow and geomechanical models. However, in regions with multiple large projects, the pressure 
waves from each project will interfere with each other. The potential geomechanical consequences of large-scale 
growth and interference of pressure perturbations from multiple sources, including their effect on cap-rock integrity 
or critically stressed fractures and faults, are not well understood and have received little study to date. 
The large rate and volume of injection will induce pressure and stress gradients within the formation that could 
activate existing fractures and faults, or drive new fractures through the caprock. We present results of an ongoing 
investigation to identify conditions that will activate existing fractures/faults or make new fractures within the 
caprock using a combination of tools developed at LLNL. This work focuses specifically upon the interaction 
between multiple injectors in aquifers intersected by multiple, initially impermeable faults. 
2. Methodology 
This study employed an iterative approach for simulating the interaction between the evolving pore pressure 
perturbation and geomechanical deformations. The following sections briefly describe the computational tools 
employed and the procedure developed for communicating between them. 
2.1. NUFT 
The NUFT (Nonisothermal Unsaturated-Saturated Flow and Transport) code is a highly flexible software 
package for modeling multiphase, multi-component heat and mass flow and reactive transport in unsaturated and 
saturated porous media [3]. The NUFT code is capable of running on PCs, workstations, and major parallel 
processing platforms. Some of the application areas include: geological disposal of nuclear waste, CO2 
sequestration, groundwater remediation, and subsurface hydrocarbon production. In this study, we utilize NUFT to 
predict the pressure perturbation induced by multiple injectors. NUFT has been used previously in combination with 
the Livermore Distinct Element Code [4] to investigate caprock integrity during CO2 storage [5]. 
2.2. GEODYN-L 
GEODYN-L is a massively parallel finite element code with sophisticated contact detection algorithms. 
GEODYN-L also includes remap capabilities to avoid mesh tangling and can accommodate cells containing mixed 
materials. The code employs both continuum and discrete approaches to modeling faults. The continuum model 
treats faults using additional directional plasticity updates. To keep track of the fault additional history-dependent 
variables are used to characterize the fault orientation and the amount of the plastic work done at the fault. The 
current version of the model assumes that the fault is not compliant and material around the fault is elastically 
isotropic. The advantages of the continuum model include its ability to treat multiple non-persistent faults without 
the need of meshing the fault boundaries. However, difficulties can occur with the treatment of large slips and 
separations along the fault because the continuum model paints the fault on top of the Lagrangian mesh such that it 
moves with the mesh. The discrete fault model is based on the common plane contact algorithm, which is similar to 
that employed by the Livermore Distinct Element Code [4]. In this case the fault is always aligned with the mesh 
boundary. A set of history variables are used at the contacts to describe sophisticated nonlinear fault response 
including dilation, hardening and damage. In the current study, GEODYN-L was used to predict the large-scale 
deformation of the reservoir and caprock and identify faults that may be activated by elevated pore pressure using 
the continuum fault model approach. 
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2.3. Combined Modeling Approach 
The study considered the baseline scenario shown in Figure 1 that was subsequently modified for a parameter 
study. All simulations performed for this study were fully three-dimensional. The lithology was kept simple to 
emphasize the interaction between the multiple injectors and between the injectors ant the faults. However, the 
geology does include 4 initially impermeable fault segments. Specifically, fault 4 is intended to provide closure to 
the sequestration target.  
Simulations were performed in the following steps: 
1. A NUFT calculation for the given scenario was performed. 
2. At 6-month intervals, the geomechanical state of the system was evaluated with GEODYN-L. 
3. If it was observed that a fault failed in the GEODYN-L calculation, the failed portion of the fault was 
rendered permeable in the NUFT calculation 
4. The NUFT calculation was continued from the point of failure to evaluate the modified evolution of the 
CO2 plumes and pressure perturbations 
This approach may be contrasted the work of [1] who considered the stability of portions of the fault in isolation. 
In this work, as part of a fault fails, stress is redistributed throughout the entire system. In this way, as regions of the 
fault fail, the shear load is supported elsewhere on the fault, leading to progressive failure of the fault. Note that we 
approximate the hydraulic response of the faults as either impermeable prior to activation or equivalent to the 
formation permeability after activation. In reality, the evolution of hydraulic properties will be more complicated. 
3. Results 
The following sections present and discuss the results obtained for the baseline simulation and several modified 
scenarios performed as part of a parameter study. 
3.1. Baseline Scenario 
Figure 2 shows pore pressures from the NUFT simulation at the top of the reservoir for the baseline simulation 
(described by Figure 1). For comparison, Figure 3 shows a comparison between the baseline, faulted reservoir 
simulation and a homogeneous reservoir. For the case of a homogeneous formation with no faults, the pressure 
fields from the five injection wells quickly overlap to create one large uniform cone of increased pore pressure. 
However, subsurface conditions are usually more complex than this, particularly at the scale of tens of kilometers. 
Figure 1: (a) A vertical cross-section through the baseline geology considered by this study: (b) Multiple, initially 
impermeable faults intersect the sequestration target; the faults are assumed to be vertical. The caprock-reservoir 
interface is at a depth of 2 km and the water table is assumed at zero depth. The baseline scenario includes five 
injectors. Each injector is initiated simultaneously and injects 300,000 tons of CO2 per year for 10 years. Note that 
fault 4 is intended to provide closure to the sequestration target. 
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The presence of fault zones with decreased permeability causes a more complicated pressure field evolution as 
injection proceeds. Notably, the low permeability of the faults creates internal boundaries within the domain that 
lead to sharp pressure discontinuities across the faults. The comparison in Figure 3 highlights the flow focusing 
caused by the heterogeneity introduced by the low permeability regions in the vicinity of the faults.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Pore pressure for simulation at 1 year for baseline, faulted case (left) with the same reservoir properties 
with no faults present. The presence of the impermeable faults introduces strong asymmetry and high localized 
pore pressure. 
1 year
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Figure 2: Maps of pore pressure at the top of the reservoir during 10 years of injection. The color scale depicts pore 
pressure in Pa and the pink regions along portions of the fault represent locations along which GEODYN-L 
predicts fault displacement. 
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Figure 2 also indicates activation of portions of the faults due to decreased effective stress resulting from CO2 
injection. Increasing pore pressures within the formation lead to a corresponding reduction in effective stress, which 
deforms the rock and creates the potential for initiating new fractures or activating existing faults. Simulations of the 
evolving stress field using GEODYN-L predict the response of the reservoir and caprock that results from the 
evolving pore-pressure field. For the case with no faults (see Figure 3) this results in a uniform expansion of the 
reservoir and the potential for fracture initiation in the caprock that will be addressed with future simulations as part 
of our ongoing study. For the faulted reservoir, decreasing effective stresses lead to progressive activation of the 
faults in our baseline domain (Figure 2). Displacements along the fault occur in regions where the low fault 
permeability results in the sharpest pore-pressure gradients. In these simulations, the activated fault segments are 
highlighted in pink. These activated segments are then rendered permeable in the continued NUFT calculation, and 
fluid flows across the fault, reducing the pore pressure gradient. Specifically, in the base line scenario, after 3 years 
it was observed that portions of fault 4 (the bounding fault) activate, resulting in fluid leakage out of the enclosure. 
By 6 years, all faults have partially activated and subsequent times show significant drop in pore pressure around the 
injectors as fluid leaks across the faults. The baseline scenario corresponds to a very unfavorable combination of in 
situ stress and fault orientation. Consequently, the faults experience significant shear failure with little increase in 
pore pressure. The following sections explore several alternative scenarios which highlight how this risk can be 
managed. 
3.2. Baseline Scenario with More Favorable Fault Orientation 
The previous section demonstrated that the baseline scenario is conducive to fault activation and resulted in 
subsequent failure to contain the fluid within the storage target. For comparison, we also considered an alternate 
geology where the faults are oriented 5° from being perpendicular to the maximum horizontal in situ stress. This 
orientation results in a significant reduction in the shear stress induced on the faults. Figure 4 shows a comparison 
between the baseline scenario and this modified scenario at 10 years. The pore pressure is significantly higher due to 
the continued confinement of the injected fluid, emphasizing the drastic reduction in pore pressure that results from 
leakage across the faults for the baseline case. In contrast this new scenario does not significantly activate the faults 
because the shear component of the traction on the faults is relatively small. This result emphasizes the importance 
of both site selection and site characterization. 
 
 
Figure 4: Comparison of pore pressure and fault activation at 10 years for the baseline calculation (left) with 
scenario where faults are 5° from most compressive horizontal stress (right). Although the pore pressure is greater 
due to the lack of significant failure on the faults, the minimal resultant shear stress on the faults prevents failure. 
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3.3. Baseline Scenario with Modified Injection Scheme 
The contrast between the baseline scenario and the alternative fault orientation scenario serves to highlight the 
importance of site selection. However, it is possible to modify our injection strategy in order to avoid significant 
fault activation and maintain storage integrity. For example, in this section we consider an alternative injection 
scenario where the two northernmost injections (those closest to the sealing fault, 4) are never used. The results of 
this simulation, in Figure 5, indicate minimal fault activation. Specifically, the bounding fault 4 does not activate 
and the fluid is contained. We conclude that geomechanical consequences can be minimized through planning 
appropriate injection strategies.  
 
 
4. Discussion 
We have presented a study of a hypothetical full-scale injection project in a baseline hypothetical geology and 
several perturbations as part of a parameter study. We evaluated the geomechanical sources of risk associated with 
fault activation by using coupled flow and transport and geomechanical codes. The results obtained emphasize the 
importance of site selection. Specifically the combination of in situ stress and the orientation of any faults intended 
to act as a seal must be well characterized. In addition our results suggest that even in less favorable geologies, the 
injection rates can be managed to limit the potential for fault activation or other forms of geomechanical failure. In 
addition, minimizing the uncertainty of the response in real sites will require quantifying both the permeability of 
the faults before injection and the permeability evolution during fault activation events. 
 
Figure 5: Comparison of pore pressure and fault activation at 8 years for the baseline calculation (left) with 
scenario where the two northernmost injectors are never activated. Although the pore pressure is greater in the 
immediate vicinity of the injectors due to the lack of significant failure on the faults, the bounding fault 4 remains 
inactive. 
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